ABSTRACT: Atom transfer radical polymerization (ATRP) was used as a versatile route to well-defined poly(diethylhexyl-p-phenylenevinylene-b-styrene) (PPV-b-PS) semiconducting block copolymers. For this purpose, original conjugated macroinitiators were synthesized from DEH-PPV and further used for the copolymerization reaction. The microphase-separated morphologies obtained with the semiconducting PPV-b-PS block copolymer fulfill the basic structural requirements required to build efficient organic photovoltaic devices.
INTRODUCTION
Increasing energy needs have generated a growing interest for polymer materials and their use in photovoltaic devices. Conjugated polymers or oligomers are promising organic semiconducting materials for the elaboration of easy to process low-cost solar cells. [1] [2] [3] [4] [5] [6] [7] In organic semiconducting materials, a photoexcitation generates excitons needed to be separated in free charges. 8 The exciton separation is promoted at the interface of an electron acceptor and an electron donor materials. As a consequence, the morphology fine tuning of the devices active layer is crucial and requires a nanometer size lamellar, columnar, or interpenetrated network structures. Block copolymers are known for their microphaseseparated structures with nanometer size characteristic length scales. 9 Thus, they are promising candidate materials for designing the active material of the organic photovoltaic devices with desired functional structure. [10] [11] [12] [13] [14] [15] Recently, block copolymers with a conjugated block as electron donor (the rod), and a second flexible block which could be functionalized to be an electron acceptor (the coil) have been proposed. Numerous semiconducting rod-coil block copolymers have been proposed, using a conjugated block (the donor unit) as initiator (macroinitiator), based on poly(para phenylene vinylene) (PPV), 13, [16] [17] [18] [19] [20] polythiophene, 21, 22 polyfluorene, 23, 24 poly(thienylene vinylene), 25 or oligomers, 26, 27 provided that functional monomers can be introduced during the copolymerization reaction of the second block, allowing the further grafting of an acceptor group, such as C 60 , to the coil block (the acceptor unit). 13, 16, 20 The morphology of PPV-based model rod-coil block copolymers being a key issue their microphase separation properties have been recently studied.
14,15,28 These materials have been obtained either by anionic polymerization, 14,15 which is not suitable for the introduction of functional monomers allowing grafting of acceptor moieties, or by nitroxyde mediated radical polymerization (NMRP). 28 The NMRP synthetic method works only at high temperature, where side reactions on PPV block can occur. Thus, the NMRP is not a very efficient and tolerant polymerization method, several useful monomers such as methacrylates cannot be used. 29 In an effort to use efficient and versatile synthetic pathways for the synthesis of block copolymers for photovoltaic materials, it is proposed here the use of atom transfer radical polymerization (ATRP) for the synthesis of a model block copolymers. 30 This method is a well-established controlled/''living'' radical polymerization requiring only mild conditions and exhibiting compatibility with a wide range of functional monomers. This way was recently used on PPV-based block copolymers with methyl methacrylate as monomer for the coil block. 31 The first objective here is to synthesize in a simple way, rod-coil conjugated block copolymers. The second objective is to show that these copolymers selforganize in a good way to obtained lamellar or cylinder structures with appropriated domain sizes as required for organic photovoltaic devices, which will be present in a future study. In this communication the ATRP as a versatile route to a well-defined poly(diethylhexyl-p-phenylenevinylene-b-styrene) (PPVb-PS) block copolymer is reported. The microphase separated morphologies obtained with this polymer are then studied to prove that this material fulfils the basic structural requirements for photovoltaic devices.
EXPERIMENTAL Materials
Monomers (Aldrich, Saint Quentin Fallavier, France) were distilled on calcium hydride. 2-bromopropionyl bromide (Across, Organics, Halluin, France) and 2-bromo-2-methylpropionyl bromide (Alfa Aeser, Schiltigheim, France) were used as received. Toluene and tetrahydrofurane (THF) was distilled on Na/ benzophenone. PPV (1) was synthesized according to a published procedure. 18, 19 Afterward, it was purified by column chromatography on a silica gel (95% cyclohexane, 5% of dichloromethane). Polydispersity index (PDI) was measured on gel permeation chromatography (GPC) and number-average molecular weight, M n , was determined by nuclear magnetic resonance (NMR) using signal of proton from aldehyde end function at 10.3 ppm. (1) is dried by azeotropic distillation of toluene just before use. All other chemicals were purchased from Aldrich and used as received.
Macroinitiators synthesis
Typically, 0.95 g (0.28 mmol for a PPV with M n ¼ 3400 g/mol) of dry PPV (1) are dissolved with 20 mL of dry THF under argon and stirring. The flask is cooled at 0 C, and then, 2.5 mL (2.5 mmol) of solution of LiAlH 4 (1 M in THF) is carefully added. After 1 h, the reaction is quenched with ethylacetate, and the mixture is filtered on cellite. Then, 20 mL of water are added and the organic layer is extracted with 150 mL of CH 2 Cl 2 and washed three times with 50 mL of water. Organic layer is dried and evaporated. Dry product is dissolved in 5 mL of CH 2 Cl 2 and precipitated at 0 C in 100 mL of methanol. Product (2) is characterized by 1 H NMR (disappearance of aldehyde peak at 10.3 ppm, apparition of CH 2 AOH peak at 4.7 ppm) and by GPC with UV detection. Yield ¼ 80%.
In a second step, (2) is converted into (3) or (4). Typically, 0.74 g (0.22 mmol) of (2) is dissolved in 18 mL of ethanol-free CH 2 Cl 2 and 3 mL of triethylamine. Then, 1.2 equivalent of 2-bromopropionyl bromide (for synthesis of 3) or 2-bromo-2-methylpropionyl bromide (for synthesis of 4) is added. The solution is stirred for 24 h under argon and then quenched with water. The product is extracted for three times with 20 mL of CH 2 Cl 2 . The organic layer is washed for three times with water, dried, and evaporated. Dry product is dissolved in 5 mL of CH 2 Cl 2 and precipitated at 0 C in 100 mL of methanol. (3) and (4) 
Rod-coil block copolymer synthesis
A solution, typically between 5 mL and 10 mL, of 1 equivalent of macroinitiator (3) or (4), 1 equivalent of CuBr, 1.1 equivalent of 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA), x equivalents of monomer, where x is typically between 50 and 200, was prepared under argon and magnetic stirring. Depending on the conditions (bulk or solution), up to 50% (in weight) of toluene or other solvent can be added. After the formation of the complex (15 min), 2 g of the solution were placed in several glass tubes. After three freeze, thaw, pump cycles, the tubes were sealed under vacuum and placed in an oil bath (typically at 90 C) for appropriate time. Once the polymerization reaction is accomplished, the solution is dissolved in dichloromethane, passed through a short alumina column and precipitated in methanol at 0 C. The copolymer is dried 1 night in vacuum at 45 C and analyzed by gel permeation chromatography (GPC).
Representative 1 H NMR (CDCl 3 ) spectra of (5): d (ppm) ¼ 7.6-7.0 (m, arom. CH, PPV :4n protons and PS 5m protons), 4.2-3.7 (m, OCH 2, 4n protons), 2.5-0.7 (m, aliph. CH, CH 2 , and CH 3 of PPV, respectively, 2n protons, 16n protons, and 12n protons; and aliph CH, CH 2 of PS main chain, respectively m protons and 2m protons), where n is the degree of polymerization of PPV block and m the degree of polymerization of PS block.
Characterizations

1
H NMR spectra were recorded on a Bruker 300 UltrashieldTM 300 MHz NMR spectrometer, with an internal lock on the 2H-signal of the solvent (CDCl 3 ). GPC measurements were performed in THF with two PL-gel 5 l mixed-C, a 5 l 100 E, and a 5 l Guard columns in a Shimadzu LC-10AD liquid chromatograph equipped with a Shimadzu RID-10A refractive index detector and a Shimadzu SPP-M10A diode array detector. Complementary UV-Visible spectra have been recorded on a Shimadzu 2101PC spectrophotometer.
Morphology study
All samples are annealed in a high vacuum (5 Â 10 À12 bar) oven according to the following procedure: 4 h at 160 C and finally 72 h at 140 C. These temperature steps are necessary to erase the thermal history of the samples and to maintain the blend in the temperature region comprised between the glass transition temperature of PS, 100 C, and the orderdisorder transition temperature of mesophases based on rod/rod-coil self-assembly, so that the blend could achieve thermodynamic equilibrium.
All samples are embedded in a standard four components epoxy resin (46 wt % Epon 812, 28 wt % dodecenyl succinic anhydride, 25% nadic methyl anhydride, 1% (2,4,6-tris (dimethylaminomethyl) phenol) catalyst. To avoid diffusion of the resin components into the sample, the resin is precured 1.5 h at 80 C before embedding the sample. The sample is finally embedded in the precured epoxy resin, which was then let curing for 8 h at 60 C. The samples are ultramicrotomed on a Reichert-Jung microtome at room temperature. The sections (60 nm thick) are collected on 300 hexagonal mesh copper grids (EMS G300H-Cu). Staining of the PPV phase is achieved by exposing collected sections to vapors of OsO4 (0.5 wt % salt in water) during 3 h.
RESULTS AND DISCUSSION
Synthesis
ATRP macroinitiators are prepared from a monoaldehyde end-functionalized PPV (1) 18,19 with a low PDI. The synthesis process is summarized in Scheme 1. Two different kinds of initiators, 3 and 4, are synthesized. For 4, two batches (4a and 4b) are obtained, respectively, with 3400 g/mol and 2700 g/ mol (determined by NMR). Macroinitiators characteristics are summarized in Table I .
Block copolymers are synthesized by ATRP using 3 or 4 as macroinitiator (Fig. 1) . Preliminary results, not reported here, with various monomers (styrene, methyl and butyl acrylates) showed a better reactivity of 4 for the initiation of the second block. For this study, work has been focused on the polymerization of styrene as model monomer using the most reactive initiator (4). Furthermore, PS-based copolymers are good model block copolymers for the morphology study. Results of copolymerization are summarized in Table II. Run A is carried out in bulk and leads to an insoluble rubbery red material after 30 h. At lower polymerization times, the formation of a soluble polymer with low PDI is observed. When the monomer is diluted in toluene (B and C) the polymerization is slower, whereas crosslinking is not avoided but only delayed. In each case, the PDI is lower than 1.5 in the early stage of polymerization, molecular weight grows with conversion and the experimental M n fits with the theoretical value calculated from conversion and initiator amount. The slight difference between theoretical and experimental molecular weights can be attributed to the GPC measurement obtained from PS standards, which is not exactly adapted for these copolymers. However, M n evolution is progressive with time and is nearly linear with conversion. Furthermore, GPC traces of copolymerization product and PPV macroinitiator (Fig. 1) shows the disappearance of 4 with RID detector [ Fig. 1(a) ] as well as with UV detection at 480 nm [ Fig. 1(b) ], where only PPV is detected. The very small peak corresponding to 4, represents less than 2% of the total PPV, calculated from the peak areas with detection at 480 nm, whereas more than 98% of the PPV have initiated copolymer chains. Furthermore, UV/ visible spectra, obtained from GPC DAD detector, of PPV initiator and block copolymer (Fig. 2) confirm that PPV block is well incorporated in copolymer. All these observations lead to the conclusion that polymerization shows a living character and that most of the side reactions are avoided, yielding to the product 5.
The increase of PDI at higher conversions, and finally the crosslinking, can be attributed to side reactions on the PPV block. Indeed, transfer or termination reactions of PS macroradicals on the PPV block may induce crosslinking reactions. The exact nature of these side reactions has not been investigated in this study, however, a radical reaction of living PS chains on the vinylene PPV double bond could be a reasonable hypothesis. Decreasing temperature can minimize these side reactions but requires very high polymerization time. However, at lower conversion, the copolymer molecular weight distribution is narrow and UV/visible spectra confirm the incorporation of PPV block in the final product without its alteration. This kind of side reactions are also observed with NMRP macroinitiators; however, they were prevented using much larger [monomer]/[initiator] (decreasing dramatically initiator concentration) ratio and lower conversion.
20
ATRP polymerization with PPV macroinitiators cannot totally avoid side reactions, but, due to mild reaction conditions, polymerization of the second block is better controlled at much higher conversion than NMRP at 125 C. PPV-b-PS Copolymers obtained by ATRP also exhibiting relatively low PDI, good correlation between experimental and theoretical M n and good reinitiation ratio (at least 98% of PPV macroinitiator reinitiate) are less controlled than the on obtained by anionic route.
14 Especially, the presence of homo-PPV polymer cannot be avoided with ATRP due to the intrinsic mechanisms of this controlled radical polymerization. Moreover, whereas ATRP limit the achievable molecular masses, we reported Mn above 20000g/mol by anionic route, for the same block copolymer without evidence of any side reactions. However, the anionic polymerization is less versatile considering the range of monomers, which can be used, and is far more demanding on the experimental conditions than the ATRP. Thus, the route presented here provides if not perfect control, an easy synthetic path to a wide range of PPV based bloc copolymers.
Morphological study
The samples characterized with TEM and presented on the micrographs in Figure 3 are from the polymerization runs B and C. These B and C runs correspond to block copolymers with the same rod block but various coil sizes. M n of coil block is limited to the range from 3100 g/mol to 5600 g/mol, as measured with GPC, corresponding to coil volume fraction between 53 and 66%, respectively. The structure variation in this range of volume fraction proved to be very abrupt: 13% increase of the coil volume fraction is sufficient to transform a long range ordered lamellar structure into a mainly isotropic sample. The observed sharp variation is explained by competing tendencies to microphase separate and to form liquid crystalline PPV rich domains. We have shown that PS-b-PPV copolymers have a behavior typical of a weak segregated system with high liquid-crystalline interactions. 32, 33 At temperatures above the glass transition temperature of polystyrene (100 C), for which thermodynamic equilibrium structures can be achieved by thermal annealing, only the region corresponding to the lamellar phase of the rod-coil block copolymer phase diagram is accessible. Consequently, nonlamellar morphologies as expected 31 cannot be achieved in the weakly segregated regime typical of PPV-PS block copolymers studied here. The rod nature of one of the two blocks, further imposes liquid crystallinity of the rod blocks, resulting in smectic lamellar phases. Actually, higher order-disorder transition temperature and better organization cannot be achieved by increasing both block sizes: long-range structure could only be obtained in the PS-PPV system with short coil blocks. To synthesize these copolymers, ATRP polymerization method reported here, proven to be particularly well suited.
CONCLUSIONS
Synthesis of well-defined model PPV-b-PS copolymer has been achieved by a versatile controlled/ ''living'' radical polymerization. Side reactions are avoided by limiting the conversion of the polymerization. Furthermore a large improvement has been shown concerning the reducing of the side reactions comparing with NMRP route.
TEM images have shown microphases segregation of the copolymers leading to self-assembly materials. Despite a relatively low coil size variation, the polymers synthesized exhibit dissimilar structures ranging from long-range order to isolated clusters. This observation can be explained by competing tendencies to microphase separation and liquid crystalline behavior. This behavior is mainly due to the chemical similarity of PS and PPV as well as the rod nature of the PPV block.
ATRP method constitutes a powerful simple tool for the synthesis of well-defined copolymers. Its versatility permits to work in mild conditions which are required to minimize radical side reactions on PPV block. In future work, introduction of functional monomers, during the polymerization reaction of the coil block will be achieved, to incorporate electron acceptor units.
